Abstract: Progressive biomineralization of a skeleton occurs during ontogeny in most animals. In fishes, larvae are poorly mineralized, whereas juveniles and adults display a progressively more biomineralized skeleton. Fossil remains primarily consist of adult specimens because the fossilization of poorly-mineralized larvae and juveniles necessitates exceptional conditions. The Miguasha Fossil-Lagerstätte is renowned for its Late Devonian vertebrate fauna, revealing the exceptional preservation of fossilized ontogenies for 14 of the 20 fish species from this locality. The mineralization of anatomical structures of the acanthodian Triazeugacanthus affinis from Miguasha are compared among larval, juvenile and adult specimens using Energy Dispersive X-ray Spectrometry. Chemical composition of anatomical structures of Triazeugacanthus reveals differences between cartilage and bone. Although the histology and anatomy is well-preserved, Fourier transform infrared spectrometry shows that the original chemical composition of bone is altered by diagenesis; the mineral phase of the bone (i.e., hydroxyapatite) is modified chemically to form more stable carbonate-fluorapatite. Fluorination occurring in mineralized skeletal structures of adult Triazeugacanthus is indicative of exchanges between groundwater and skeleton at burial, whereas the preservation of larval soft tissues is likely owing to a rapid burial under anoxic conditions. The exceptional state of preservation of a fossilized ontogeny allowed us to characterize chemically the progressive mineralization of the skeleton in a Devonian early vertebrate.
Introduction
Fossilized fish ontogenies are rare, especially in the Paleozoic [1] because the mineralization of an animal's skeleton progresses during ontogeny and the preservation of poorly mineralized or ossified structures of immature (larval and juvenile) specimens requires exceptional fossilization conditions. Biomineralization of the skeleton during ontogeny is a condition shared by most vertebrates [2] . Extant jawless fish (hagfishes and lampreys) lack biomineralized tissues, which differs from their extinct relatives [1, 2] . In extant cartilaginous fishes (Chondrichthyes; chimaera, sharks, skates and rays), the skeleton mineralizes as ontogeny progresses, at least superficially by means of tesserate calcified cartilage [3, 4] . In extant bony fishes (piscine Osteichthyes; ray-finned fishes, coelacanths and dipnoans), young individuals show an unmineralized or poorly mineralized skeleton whereas older ones are highly mineralized [5] [6] [7] . In extinct jawed vertebrates, such as acanthodians and placoderms, this progressive biomineralization is assumed, rather than observed, because of the rarity of ontogenetic material but also because fossilization processes tend to favor the preservation of hard tissues, thus, frequently leaving an information gap during early ontogenetic stages. Since ontogenies have the potential to elucidate evolutionary developmental patterns and processes from the deep past [1, 8] , it is crucial to detect if fossilization biased our understanding of the early phase of biomineralization and how it could modify the preservation of the original tissues in fossils.
Vertebrate fossils predominantly consist of remains of mineralized skeletal structures [9] , while soft tissues are only preserved exceptionally [10] [11] [12] [13] . The quality and fidelity of tissue preservation depend, among other things, on the nature of the tissues in the organism, the amount of decay that precedes mineralization, and the availability of mineral-forming ions. It is however often difficult to determine whether the minerals observed in the fossils correspond to the original biomineralization of the tissues or result from diagenetic transformations of the fossils [14] . The comparison of chemical and mineralogical composition of anatomical structures during the ontogeny of an organism allows one to discriminate between these two mineralization processes. Indeed, as the biomineralization of skeletal structures progresses during ontogeny, or in relation to the size of an individual, the chemical and mineralogical signatures of skeletal structures change (e.g., carbon or calcium phosphate composition for cartilage or bone, respectively) [15, 16] . On the other hand, an increase in exogenous ions (e.g., F ions) and modifications of the internal structure of skeletal tissues are expected with diagenetic mineralization, because it likely depends on local fossilization conditions. The rapidity of consumption (i.e., mechanical degradation by predators or scavengers) and decay (i.e., degradation by bacteria) of an animal under oxic conditions is negatively correlated with the preservation of soft tissues in an aquatic environment [17] . The decomposition process of organic carbon by aerobic respiration roughly corresponds to the transformation of organic and dioxygen molecules into carbon dioxide and water molecules. Thus, anoxic conditions can be reached when the amount of organic carbon exceeds the oxygen supply. Specifically, the deposition of a large number of individuals (mass mortality) during a short period of time can locally reduce the level of dissolved oxygen which could create anoxic condition at the water/sediment boundary, decreasing scavenging and bioturbation [17] . These sporadic mass mortality events are characterized by a large number of fossil specimens in a given horizon. Fossiliferous sites and horizons yielding assemblages of mass mortalities are qualified as Konzentrat-Lagerstätten. Furthermore, when these fossiliferous environments present exceptionally well-preserved specimens, they are qualified of Konservat-Lagerstätten. It is likely that both, Konzentrat-and Konservat-Lagerstätten, favor soft tissues preservation.
Skeletal tissues showing early phases of biomineralization are prompt to be affected by two fossilization processes: the permineralization and the authigenic mineralization. Permineralization results from the early infiltration and permeation of tissues by mineralizing aqueous solutions [18] . In contrast, authigenic mineralization is often a product of biological tissues decay by bacterial activity; therefore, the types of minerals depend on the chemical composition of the sediment and the environmental conditions when bacterial decay occurred [19] .
The Late Devonian Miguasha Fossil-Lagerstätte (Québec City, QC, Canada), a United Nations Educational, Scientific and Cultural Organization (UNESCO) World Heritage Site, yielded fossilized ontogenies for 14 out of the 20 fish species [20] . Among these 14 species, larval and juvenile specimens of the acanthodian Triazeugacanthus affinis have been reinterpreted recently [21] . The exceptional preservation of a large number of Triazeugacanthus within a large size range allowed the description of ontogenetic changes. This ontogenetic series is characterized by the simultaneous increase in the number of skeletal structures and the progressive extension of the squamation as a function of animal size [21] ; thus, endoskeletal as well as exoskeletal mineralization proceed simultaneously.
In the present study, our main objectives are (1) to compare the chemical and mineralogical composition of larval, juvenile and adult specimens of Triazeugacanthus; and (2) to provide new information about the diagenesis of Triazeugacanthus from the Miguasha Fossil-Lagerstätte.
Experimental Section

Materials
The acanthodian Triazeugacanthus affinis Whiteaves, 1887 is common (more than 300 complete or almost complete specimens) in the middle Frasnian Escuminac Formation (Miguasha, QC, Canada) [22] . The distribution of Triazeugacanthus is uneven lithologically and stratigraphically. Triazeugacanthus is found predominantly in the laminites [22] and occurs primarily in two stratigraphic zones of the Escuminac Formation (i.e., from 5 to 17 m and from 83 to 90 m from the base of the Escuminac Formation (Richard Cloutier, personal observation).
Three ontogenetic stages (larval, juvenile and adult) have been recognized in Triazeugacanthus based on the degree of squamation, the progression of the ossification and the size of the specimens [21] . Six complete or almost complete specimens, two larvae (Figure 1a (Figure 1g -i) Triazeugacanthus preserved in laminites, have been used for the non-destructive scanning electron microscopy (SEM) coupled to the energy dispersive X-ray spectrometry (EDX) (Figures 1 and 2 ). One partial adult specimen of Triazeugacanthus allowing destructive analysis has been used for Fourier transform infrared spectrometry (FTIR) and X-ray diffraction (XRD) (Electronic Supplementary Material Figure S1 ). Specimens are curated in the Musée d'Histoire naturelle de Miguasha (MHNM) (Nouvelle, QC, Canada).
For comparison we used juveniles of two extant species: the black dogfish, Centroscyllium fabricii (Chondrichthyes) and the Atlantic mackerel, Scomber scombrus (Osteichthyes). Specimens were frozen and stored at´20˝C. Specimens were thawed, dissected and dried in an oven at 35˝C for 72 h before EDX analyses. A series of anatomical structures were analyzed with EDX for both species: Meckel's cartilage, palatoquadrate, eye lenses, and vertebral centra of C. fabricii (Electronic Supplementary Material Figure S2) ; exoccipital, dentary, basihyal and eye lenses of S. scombrus (Electronic Supplementary Material Figure S3 ). 
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Materials
Three ontogenetic stages (larval, juvenile and adult) have been recognized in Triazeugacanthus based on the degree of squamation, the progression of the ossification and the size of the specimens [21] . Six complete or almost complete specimens, two larvae (Figure 1a-f) , two juveniles (Figures 1j-o , and 2a-f) and two adults (Figure 2h-s) and one thin section of the dermal skeleton of a juvenile (Figure 1g -i) Triazeugacanthus preserved in laminites, have been used for the non-destructive scanning electron microscopy (SEM) coupled to the energy dispersive X-ray spectrometry (EDX) (Figures 1 and 2 ). One partial adult specimen of Triazeugacanthus allowing destructive analysis has been used for Fourier transform infrared spectrometry (FTIR) and X-ray diffraction (XRD) (Electronic Supplementary Material Figure S1 ). Specimens are curated in the Musée d'Histoire naturelle de Miguasha (MHNM) (Nouvelle, QC, Canada).
For comparison we used juveniles of two extant species: the black dogfish, Centroscyllium fabricii (Chondrichthyes) and the Atlantic mackerel, Scomber scombrus (Osteichthyes). Specimens were frozen and stored at −20 °C. Specimens were thawed, dissected and dried in an oven at 35 °C for 72 h before EDX analyses. A series of anatomical structures were analyzed with EDX for both species: Meckel's cartilage, palatoquadrate, eye lenses, and vertebral centra of C. fabricii (Electronic Supplementary Material Figure S2) ; exoccipital, dentary, basihyal and eye lenses of S. scombrus (Electronic Supplementary Material Figure S3 ). 
Scanning Electron Microscopy (SEM) Observation and Energy Dispersive X-Ray Spectrometry (EDX) Analysis
SEM microscopy has been performed using an environmental JEOL 6460LV SEM (JEOL USA, Peabody, MA, USA). The surface of samples was observed without conductive coating. Elemental composition analysis was performed using an INCA X-sight (Oxford Instruments, Austin, TX, USA) energy dispersive X-ray spectrometer; this analysis permits to identify the presence of chemical elements in the skeletal structures [23, 24] . Each spectrum was acquired with a 10-μm spot size, for 100 s of lifetime (process time 5, spectrum range 0-20 keV, 2000 channels) at an accelerating voltage of 20 kV. The detection limits of chemical elements are about 1000 ppm or 0.1 wt %. System quantitative optimization was done using Cu as a standard.
Fourier Transform Infrared Spectrometry
The surface of one adult specimen of Triazeugacanthus (MHNM 03-1699; Electronic Supplementary Material Figure S1 ) was scraped using a needle in order to obtain powder for Fourier transform infrared spectrometry (FTIR). Pellets for FTIR measurements were obtained by pressing a mixture of ~1.0 mg of gently ground sample diluted in 210 mg of dried KBr. Transmission IR spectra were recorded between 400 and 4000 cm −1 , by averaging 150 scans with a resolution of 1 cm −1 , using a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The spectrometer was equipped with an Ever-Glo source, KBr beamsplitter and DTGS-KBr detector. The usual crystallinity index was calculated as the infrared splitting factor (IRSF): IRSF = (A605 + A565)/A590, where Ax is the measured absorbance at wavenumber x, assuming a straight baseline between 450 and 750 cm −1 [25, 26] .
X-Ray Diffraction
The mineralogical composition of the sedimentary rock was determined by powder X-ray diffraction (XRD) using a few mg of a sample obtained from the laminated matrix of Triazeugacanthus specimen MHNM 03-1699 (Electronic Supplementary Material Figure S1 ). The powder sample was deposited on a Si spinning sample holder. Analyses were performed using a PANALYTICAL ® X'pert Pro apparatus (PANalytical, Almelo, The Netherlands) using the Co Kα radiation. Measurements were performed from 2° to 90° in 1000 s with a fixed slit size of 1°. 
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The mineralogical composition of the sedimentary rock was determined by powder X-ray diffraction (XRD) using a few mg of a sample obtained from the laminated matrix of Triazeugacanthus specimen MHNM 03-1699 (Electronic Supplementary Material Figure S1 ). The powder sample was deposited on a Si spinning sample holder. Analyses were performed using a PANALYTICAL X'pert Pro apparatus (PANalytical, Almelo, The Netherlands) using the Co Kα radiation. Measurements were performed from 2˝to 90˝in 1000 s with a fixed slit size of 1˝.
Results
SEM Observations and EDX Analyses of Skeletal Tissues
Fossilized Tissues of Triazeugacanthus affinis
Chemical analyses of non-bony (eye lenses, otoliths), endochondral (palatoquadrate, scapulocoracoid, notochordal elements) and dermal elements (sclerotic plates, branchiostegal rays, pectoral spines, scales) have been performed for each ontogenetic stage (larval (Figure 3) , juvenile ( Figure 4 ) and adult ( Figure 5) ). Irrespective to the ontogenetic stages, (1) C and O are recorded in each skeletal element, (2) Ca and P are recorded in all dermal elements, and (3) the simultaneous presence of Ca and P is associated with F (with the exception of analyses performed on the internal structure of bones). Minor Al and Si contributions are detected and are likely related to the presence of aluminous clay minerals in the surrounding matrix (i.e., illite and chlorite; Figures 3-5) . 
SEM Observations and EDX Analyses of Skeletal Tissues
Fossilized Tissues of Triazeugacanthus affinis
Chemical analyses of non-bony (eye lenses, otoliths), endochondral (palatoquadrate, scapulocoracoid, notochordal elements) and dermal elements (sclerotic plates, branchiostegal rays, pectoral spines, scales) have been performed for each ontogenetic stage (larval (Figure 3) , juvenile ( Figure 4 ) and adult ( Figure 5) ). Irrespective to the ontogenetic stages, (1) C and O are recorded in each skeletal element, (2) Ca and P are recorded in all dermal elements, and (3) the simultaneous presence of Ca and P is associated with F (with the exception of analyses performed on the internal structure of bones). Minor Al and Si contributions are detected and are likely related to the presence of aluminous clay minerals in the surrounding matrix (i.e., illite and chlorite; Figures 3-5) . In larval Triazeugacanthus (Figure 1a,b) , notochordal elements and eye lenses are among the first elements to develop ( [21] : Electronic Supplementary Material, Figure S3 ). Notochordal elements and eye lenses display C and O peaks with a minor contribution of Ca, Al and Si in the EDX spectrum (Figure 3a,c,g ). The notochordal elements (visible only in rare specimens) show no sign of mineralization (Figure 3g ). During the larval stage, otoliths form shortly after the previous Representative spectra of larval Triazeugacanthus samples using EDX punctual microanalysis. In larval Triazeugacanthus (Figure 1a,b) , notochordal elements and eye lenses are among the first elements to develop ( [21] : Electronic Supplementary Material, Figure S3 ). Notochordal elements and eye lenses display C and O peaks with a minor contribution of Ca, Al and Si in the EDX spectrum (Figure 3a,c,g ). The notochordal elements (visible only in rare specimens) show no sign of mineralization (Figure 3g ). During the larval stage, otoliths form shortly after the previous elements ( [21] : Electronic Supplementary Material, Figure S3 ). These non-bony elements display a strong Ca peak and lack P; these results are consistent with the expected calcium carbonate composition [27] (Figures 1c,f and 3b,d) . Among the first appendicular elements to form ( [21] : Electronic Supplementary Material, Figure S3 ), the scapulocoracoid and the pectoral spine display clear Ca and P peaks associated to a F peak (Figures 1e and 3e,f) . Even in the youngest occurrence of the scapulocoracoid (MHNM 03-440 #2; [21] : Electronic Supplementary Material, Figure S3) , there is already a clear mineralized signature (Figure 3e) ; the pre-mineralized state of this endochondral element has not been sampled. Figure S3 ). These non-bony elements display a strong Ca peak and lack P; these results are consistent with the expected calcium carbonate composition [27] (Figures 1c,f and 3b,d) . Among the first appendicular elements to form ( [21] : Electronic Supplementary Material, Figure S3 ), the scapulocoracoid and the pectoral spine display clear Ca and P peaks associated to a F peak (Figures 1e, 3e,f) . Even in the youngest occurrence of the scapulocoracoid (MHNM 03-440 #2; [21] : Electronic Supplementary Material, Figure S3) , there is already a clear mineralized signature (Figure 3e) ; the pre-mineralized state of this endochondral element has not been sampled. Juvenile Triazeugacanthus specimens (Figures 1j and 2a) , characterized by the appearance and progression of the squamation [21] , show dermal elements (scales: Figure 4e ,g,l; spines: Figure 4d ,f,k) with clear signatures of mineralization (Ca and P peaks). Elemental composition on the internal structure of dermal scales and spine (thin section; Figure 1h ,i) also reveals the presence of Ca and minor P (Figure 4f,g ), but the absence of F. Chemical composition of the eye lenses (Figure 4a,h (Figures 1j and 2a) , characterized by the appearance and progression of the squamation [21] , show dermal elements (scales: Figure 4e ,g,l; spines: Figure 4d ,f,k) with clear signatures of mineralization (Ca and P peaks). Elemental composition on the internal structure of dermal scales and spine (thin section; Figure 1h ,i) also reveals the presence of Ca and minor P (Figure 4f,g ), but the absence of F. Chemical composition of the eye lenses (Figure 4a,h In adult Triazeugacanthus specimens (Figure 2g,m) , the chemical composition of previously formed skeletal structures remains similar to that of the immatures ( Figure 5 ). The newly developed palatoquadrate (Figure 5h ) is already mineralized. The dermal sclerotic plates (Figure 5b,g ) and branchiostegal rays (Figure 5c ,i) are also mineralized as suggested by the presence of strong Ca and P peaks (with similar relative intensities) associated with a F peak. Notochordal elements and otoliths are not observed in adults because they are overlaid by body and head scales, respectively.
Living Models: Centroscyllium fabricii and Scomber scombrus
The elemental composition analysis of the juvenile C. fabricii mostly consists in C, O and N, consistent with the absence of mineralization on the surface of the neurocranium, the eye lenses and the vertebral centra (Electronic Supplementary Material Figure S4 ). Tesserate mineralization indicated by the presence of P and Ca occurs in the mandibular and hyoid arches (Electronic Supplementary Material Figure S4 ). The skeletal structures of the juvenile S. scombrus display mainly the presence of C, O and N in the eye lenses and Ca and P signatures in the exoccipital, the dentary and the basihyal (Electronic Supplementary Material Figure S5 ).
Mineralogical Analysis of Triazeugacanthus Skeleton
The FTIR spectrum of Triazeugacanthus skeletal structures displays the characteristic absorption bands of apatite (Figure 6a-c) [28] . These bands are related to the internal vibrational modes of PO 4 groups. The phosphate groups lead to intense bands at 565-576 and 605 cm´1 (PO 4 bending modes), and 1041 and 1096 cm´1 (PO 4 anti-symmetric stretching modes).
A weaker band related to the PO 4 symmetric stretching mode is observed at 965 cm´1. The wavenumber of this band is correlated with F concentration and ranges between 960 in modern fish bone [29] to 965.6 cm´1 in a sedimentary carbonate-fluorapatite [28] . Its position in the present study thus corroborates the presence of a F concentration in apatite, consistent with the EDX measurements performed on specific skeletal structures of Triazeugacanthus (Figure 2i-n) . The width of this band is dominated by the atomic-scale distortions of the apatite-structure [30] but overlapping with the strong PO 4 anti-symmetric stretching bands affects accurate analysis.
The splitting factor (IRSF) determined from the relative intensity of PO 4 bending bands is a practical way to assess the width of these bands, which is expected to reflect the apatite crystalline order but may also depend on the shape of apatite particles (Figure 6b ). However, for samples with ordinary particle shapes, the full width at half maximum (FWMH) of the PO 4 symmetric stretching band and the infrared splitting factor (IRSF) parameter lead to similar information about apatite crystalline order [28] . In the present sample, the IRSF is 5.17, notably higher than that previously reported for bioapatite and slightly smaller than that reported for a sedimentary carbonate-fluorapatite sample [28] . For example, an IRSF of~2.8 has been reported for vertebral centra of modern shark and ranging between 3.41 and 5.39 for Cenozoic fossil sharks [31, 32] . Values of 2.6 and 3.2 have been reported for newly formed bones (fin rays) in the extant zebrafish Danio rerio [15] . Recent marine apatites also display low IRSF indices (3.0-3.6), whereas those of inland ancient apatites are higher (4.5-7.8) [26] . The IRSF of extant mammal bones exposed on tropical savannah grasslands varies from 2.7 to 3.5 and was found to be correlated to the mean length of apatite particles [33] . IRSF values increase to approximately 3.9 in Pleistocene bird and mammal bones [9] . The enamel of modern mammals displays a relatively high IRSF (e.g., 4.3 [24] ). The comparatively high IRSF of Triazeugacanthus skeletal structures suggests that diagenetic transformations increased the apatite crystalline order with respect to that observed in extant and extinct biological materials.
Several bands related to vibrational modes of carbonate groups are also observed. Carbonate groups are responsible for the set of absorption bands at 1426 and 1453 cm´1 (anti-symmetric stretching) and the two overlapping signals at 865 and 874.4 cm´1 (out-of-plane bending modes). An additional band at 712 cm´1 indicates the presence of calcite.
Based on the signal related to out-of-plane bending modes, two main environments of carbonate groups occur in the sample. The band at 875 cm´1 can be mostly ascribed to calcite. The band at 865 cm´1 is related to carbonate groups incorporated in the apatite structure with a "francolite"-type environment [34] . This peculiar environment corresponds to an isovalent coupled substitution of the phosphate groups by clumped carbonate and F ions. Note that this type of environment does not imply any bonded interaction between the carbonate and the F ions but corresponds to a geometrical association, which ensures a local electrostatic charge neutrality.
Minerals 2016, 6, page-page 10 band at 865 cm −1 is related to carbonate groups incorporated in the apatite structure with a "francolite"-type environment [34] . This peculiar environment corresponds to an isovalent coupled substitution of the phosphate groups by clumped carbonate and F ions. Note that this type of environment does not imply any bonded interaction between the carbonate and the F ions but corresponds to a geometrical association, which ensures a local electrostatic charge neutrality. The absorption bands related to the two anti-symmetric stretching modes of CO3 groups, split by the site distortion, are observed at 1409-1440 cm −1 and 1450-1455 cm −1 (Figure 6b ). These frequencies are consistent with the above interpretation. The absence of a marked absorption band The absorption bands related to the two anti-symmetric stretching modes of CO 3 groups, split by the site distortion, are observed at 1409-1440 cm´1 and 1450-1455 cm´1 (Figure 6b ). These frequencies are consistent with the above interpretation. The absence of a marked absorption band at higher frequency (1550 cm´1) rules out a major occurrence of carbonate groups in the structural channels of apatite (A-type carbonates). However, an uncertainty remains about the occurrence of carbonate groups in the usual B-type environment of hydroxyapatite because of its potential overlap with the calcite and "francolite"-type carbonate bands. The peculiar "francolite"-type substitution at the B-site of fluorapatite differs from ordinary B-type carbonate substitution. In biological apatite, the B-type carbonate substitution corresponds to the replacement of PO 4 3´b y CO 3 2´, along with the substitution of Ca 2+ by Na + or K + to preserve the electroneutrality. Broad absorption features between 1560 and 1800 cm´1 are related to the presence of organic matter (carbonyl and amide functions) and water molecules (H 2 O bending mode). Water molecules are also responsible for the broad OH-stretching band at 3420 cm´1. In contrast, no stretching band related to OH groups in the structural channels of hydroxyapatite (at 3572 cm´1) is observed.
Taken together, these results indicate that the mineral composition of the fossilized Triazeugacanthus skeleton mostly consists of carbonate-fluorapatite and calcite. As bioapatite usually consists in poorly ordered carbonate-bearing hydroxyapatite, the occurrence of carbonate-fluorapatite strongly suggests a post-depositional recrystallisation of the bioapatite [26] .
Finally, the sedimentary matrix surrounding the fossil sample was analyzed by X-ray diffraction to better infer the conditions of preservation of Triazeugacanthus fossils (Electronic Supplementary Material Figure S1 ). The observed minerals are dominantly calcite and quartz with feldspar, chlorite and illite in lower abundance (Figure 6d ). Note that the clay fraction could also contain smectite but its identification would require further physical separation and chemical treatments because of the overlap of the smectite with the chlorite (001) peak. The presence of an amorphous fraction is suggested by a weak broad band at 12˝in the diffraction pattern (Figure 6d ). Overall, these results are consistent with previously published data [35, 36] showing the occurrence of quartz, calcite and smaller proportions of illite, muscovite, chlorite, plagioclase and amorphous organic matter. This mineralogical composition has been interpreted as resulting from shallow burial diagenesis and early formation of diagenetic calcite [35, 36] .
Discussion
Here, we have shown that (1) both unmineralized (carbon signature) and mineralized anatomical elements (calcium and phosphorus signatures) are preserved depending on the ontogenetic stages of Triazeugacanthus; and (2) the carbonate-fluorapatite is the main mineralogical structure of Triazeugacanthus fossil skeleton.
Chemical Composition of Triazeugacanthus Biomineralized Tissues Depends on Ontogenetic Stages
Published spectrometry on Triazeugacanthus reported the dominant presence of Si with traces of Al, K, Mg, Ca and Fe for various skeletal elements (scales, "vertebral column" and "adjacent plates") [37] . Our observations do not confirm this previous report, which may correspond to an analytical artifact. It is unlikely that the specimen used for that study [37] would be indicative of silicification, while none of our specimens show such a chemical signature.
Our results indicate that both unmineralized (C signature) and mineralized anatomical remains (Ca and P signatures) are preserved differentially according to the ontogenetic stages of Triazeugacanthus and the histological origin of the elements. With the exception of the notochordal elements for which a non-mineralized signature has been found in the immatures, the pre-mineralized (cartilaginous) state of endochondral elements has not been observed in our coarse sampling of the ontogenetic series of Triazeugacanthus. The notochordal elements correspond either to the cartilaginous precursors of vertebral elements or to the notochord itself. The appearance and growth of dermal elements is always characterized by the presence of both Ca and P peaks. However, a difference has been noticed between the elemental composition at the surface of the bone and the internal structure of the bone; F has been recorded at the exposed surface (scales and spines), while it is not recorded internally.
While the larval individuals show the preservation of soft tissues (e.g., eye lenses, notochordal elements), juveniles and adults display notable concentrations of Ca and P, which are characteristic of bone chemical composition [38] . However, in the juveniles, the relative P/Ca content in the scales and fin spines is smaller than in the adults. Therefore, we interpret this progressive mineralization of skeletal elements as reflecting an ontogenetic transformation of the bony material.
EDX analyses and anatomical comparisons allowed us to identify properly the rounded anteriormost elements observed in the head of Triazeugacanthus (Figure 1a,b) [37, 39, 40] . These elements have been alternately interpreted as (1) optic plates [37] ; (2) orbits [40] ; and (3) eye lenses [21] . The use of the term "optic plates" was not justified in the original paper [37] , as this term does not correspond to any anatomical element. The term "orbit" (="orbital cavity" [41] ) corresponds either to the cavity that structurally supports the eyeball, or the bones (e.g., circumorbitals) forming the margin of the eye socket [42] . None of the known acanthodian neurocrania [43, 44] display paired rounded elements as those seen in Triazeugacanthus. A series of four dermal sclerotic plates forms the margin of the eye socket of Triazeugacanthus (this study, [40, 42] ). Thus, the rounded elements seen in Triazeugacanthus do not correspond to the orbit. Anterior paired rounded elements have been identified as the eyes of the Carboniferous acanthodian Acanthodes bridgei [45] . Rods and pigments, as well as molecules common only to eumelanine, were found in the dark brown fragments from these fossil eyes. EDX analyses on the eye lenses of the extant C. fabricii and S. scombrus are similar to those of the Triazeugacanthus elements (this study). Characteristics of the crystalline lens of aquatic vertebrates (e.g., rounded-shape of the lens with low deformability [46] ) and similarities shared with cartilage (abundance and chemical composition of crystalline proteins and collagen proteins [47] in the lens and the cartilage, respectively) might explain its potential for fossilization. We suggested that the rounded elements in Triazeugacanthus specimens could be interpreted as eye lenses. The anterior morphological position in the head region, their rounded shape, the absence of mineralized tissues (C and O peaks), and the similarities with acanthodian, chondrichthyan and osteichthyan anatomy (this study, [45] ) corroborate this interpretation.
Preservation versus Recrystallization of Triazeugacanthus Tissues
In the stratigraphic sequence of the Miguasha Fossil-Lagerstätte, larval, juvenile and adult Triazeugacanthus are found in the same lithologies, primarily in laminites, as well as on the same bedding plane. The characteristic "laminites" facies is composed of an alternation of fine siltstones and shales [22] rich in organic matter interpreted as a tidal deposit [35] . This lithofacies is in agreement with an intertidal deposit likely in a wave-dominated estuarine environment, with periodic input of sediment by floods [22] . Miguasha Konservat-and Konzentrat-Lagerstätte horizons occur mostly in the transgressive phases and primarily towards the maximum paleodepth water [22] . Sedimentological and geochemical investigations have shown that the Escuminac Formation has been subjected only to a shallow burial diagenesis (depth < 1500 m, T < 430˝C) [35, 36, 48] . The clay mineral fraction is considered to be mostly detrital whereas calcite cement and fibrous calcite are attributed to early diagenesis of organic matter [35] . Thus, shallow burial allowing exchanges between groundwater and skeleton, and early diagenesis are required conditions for recrystallization of skeletal structures.
Despite the excellent state of preservation of bones at the microstructural [49] [50] [51] , histological (Figure 1h ,i) and anatomical levels, our results indicate a pervasive recrystallization of bioapatite in Triazeugacanthus skeletal structures. Modification of the mineral composition of fossil bones (e.g., presence of authigenic calcite) from the Escuminac Formation has been previously reported in the placoderm Bothriolepis canadensis and the osteolepiform Eusthenopteron foordi [36] . Bioapatites usually display small particle sizes and significant carbonate contents [15, 52] . In addition, apatite particles in bones of living animals are coated by a poorly-ordered hydrous phosphatic phase [53] and associated with organic polymers (collagen), which transform [54] or decay after an animal's death [55] . In contrast, carbonate-fluorapatite is less soluble than bioapatite [26, 54] and often represents an ultimate stage of recrystallization of biomineralized anatomical structures in geological environments [26, 28, 52, 54, 56] . Carbonate-fluorapatite also occurs in sedimentary environments as an authigenic mineral, likely produced from the bacterial decay of organic matter [57] [58] [59] [60] .
Transformation of bioapatite to carbonate-fluorapatite can occur in low-temperature environments and has been reported in marine or continental fossil deposits [14, 28, 52, 61] . It however depends on the F supply. In the present case, the F source might be related to the early diagenetic transformation of carbonates. As a matter of fact, the early diagenesis of biogenic calcium carbonate minerals has been reported to be a major source of F in modern shallow sediments of the Florida Bay, USA [62] . The transformation of bioapatite in carbonate-bearing fluroapatite is, thus, still consistent with the rapid burial and early diagenetic transformations under anoxic conditions. Indeed, rapid burial and early diagenetic transformations limiting the rapidity of consumption and degradation, which are the most important bias in the preservation of soft tissues, allowed the preservation of these tissues such as those observed in Triazeugacanthus larvae [17, 63] .
Finally, bioapatite to carbonate-fluorapatite transformation of mammal enamel in late Tertiary continental environments has been shown to occur through a dissolution/precipitation mechanism [28] . However, such type of replacement modifies the structure of the biological material at a micrometric scale (e.g., presence of carbonate-fluorapatite infillings discordant with the biogenic Retzius striae in mammalian tooth enamel [28] ). In the Miguasha Fossil-Lagerstätte, the preservation of the bone microstructures [49] [50] [51] 64] could suggest a more subtle transformation mechanism, consistent with an early diagenetic stage, even though the formation of the "francolite"-type environment of substituted carbonates implies a transformation of apatite down to the atomic scale. Therefore, the respective contributions of early transformation and potential slow modifications [65] in the sedimentological environment of the Escuminac Formation have still to be determined.
Concluding Remarks
The preservation of fossil anatomical remains, especially the preservation of soft tissues, and pervasive chemical modification of hard tissues in the same sedimentary horizons, suggest specific conditions of burial and diagenesis. The investigation of ontogenetic changes of the Late Devonian acanthodian Triazeugacanthus affinis, using different methods for chemical identification, allowed us to better describe the growth in this fossil fish in documenting the progressive mineralization. The presence of soft tissues in larvae and the biomineralization of tissues in juveniles and adults throughout a growth series are described for the first time in a Paleozoic vertebrate.
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